1. Introduction {#sec0005}
===============

NF-κB is an inducible and ubiquitously expressed transcription factor for genes involved in a variety of biological processes, including immune and inflammatory responses, cell survival, cell adhesion, differentiation, and cell growth ([@bib0010; @bib0060]). In most resting cells, NF-κB is retained in the cytoplasm by binding to the inhibitory I-κB, which masks the nuclear localization sequences of NF-κB. ([@bib0010; @bib0060]). In the canonical pathway, NF-κB is activated in response to a wide variety of stimuli that promote phosphorylation of I-κBα. Phosphorylated I-κBs are degraded after being conjugated with K48-linked ubiquitin chains, which releases NF-κB and allows its translocation to the nucleus to catalyze transcription of target genes. Thus, phosphorylation followed by degradative ubiquitination of I-kBα is a critical step in the pathway controlling NF-κB activation, and this step is catalyzed by an I-kBα kinase (IKK) complex consisting of the two kinases IKKα, IKKβ and the regulatory subunit IKKγ (also called NEMO) ([@bib0015]). In recent years, the importance of polyubiquitin as a signaling molecule has come to the forefront of biochemical signaling research. In fact, it is now accepted that one way through which specific stimuli regulate activation of NF-κB is implemented through the non-degradative ubiquitination of the regulatory subunit NEMO ([@bib0025; @bib0105]). The pathway that involves non-degradative ubiquitination of NEMO is particularly used by the TRAF family of adapter proteins, which has been shown to play an important role in several growth factor and cytokine signaling pathway, such as mitogen-activated protein kinases NF-κB and PI3K/Akt, in response to microbial, growth factor and cytokine stimuli ([@bib0030; @bib0045; @bib0140]). All TRAF proteins, except TRAF1, also contain a N-terminal RING domain common to E3 ubiquitin ligases, followed by several zinc fingers ([@bib0050; @bib0145]). Within the TRAF family, TRAF6 has been shown to undergo lysine-63 (K63)-linked auto-ubiquitination ([@bib0030]), and to facilitate a diversity of signaling pathways by catalyzing K63 linked ubiquitination of specific substrates ([@bib0045; @bib0070]). However, TRAF6 autoubiquitination was found not to be required for TRAF6 to ubiquitinate NEMO and promote optimal NF-κB activation following IL-1β stimulation ([@bib0120]).

p62 (also known as sequestosome-1), is an adaptor protein involved in trafficking molecules to autophagy ([@bib0040]). In addition to these catabolic roles, p62 also regulates various signaling events, including the signal transduction pathways activated by receptors activated by tumor necrosis factor (TNF)-α, IL-1β, nerve growth factor, and RANK-L through scaffolding TRAF6 and atypical protein kinase C with these receptors ([@bib0080; @bib0125; @bib0035; @bib0005]).

In this study, we found that p62 interacts with and is required for TRAF6-mediated ubiquitination of NEMO and optimal IL-1β signaling.

2. Materials and methods {#sec0010}
========================

2.1. Cell culture, plasmids, antibodies and reagents {#sec0015}
----------------------------------------------------

HEK293 cells were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% FCS and transfected by calcium phosphate precipitation. Lentiviral vectors expressing shp62 RNAs were obtained from Sigma and used according to the manufacturer\'s instructions. The sequence of shp62 \#3 used in this study is the following: CATTGAAGTTGATATCGATGTGGAGCACG.

Sources of antibodies and reagents were the following: anti-FLAG, anti-HA and anti-actin, Sigma; anti-NEMO, anti-ubiquitin, Santa Cruz Biotechnology; recombinant tumor necrosis factor α (TNFα,) was from Miltenyi Biotech; interleukin-1β (IL-1β) was obtained from Sigma.

2.2. Immunoblot analysis and coprecipitation {#sec0020}
--------------------------------------------

Cell lysates were made in lysis buffer (25 mM Tris--HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol and a mixture of protease inhibitors). Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membrane and incubated with primary antibodies followed by horseradish peroxidase conjugated secondary antibodies (Amersham Biosciences). Blots were developed using an ECL system (Pierce). For coimmunoprecipitation experiments, cells were lysed in lysis buffer and immunocomplexes were bound to protein A/G (Roche), resolved by SDS-PAGE and analyzed by immunoblot assay.

For the denaturing immunoprecipitation, 293T cells were transiently transfected at 60% confluency with retroviral vectors encoding the indicated shRNAs. Cell lysates prepared in lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris--HCl pH 7.2, a protease inhibitors cocktail, 50 mM NaF, 1 mM NaOV, 25 mM beta-phosphoglycerate lysis) underwent anti-NEMO immmunoprecipitation for 4 hrs at 4 °C. Immunocomplexes were then dissociated in PBS containing 1% SDS at 37 °C for 1 h, diluted 10-fold and subjected to a second round of immunoprecipitation by anti-ubiquitin antibody. Immunocomplexes were then washed three times, resolved on 10% SDS-PAGE and immunoblotted as indicated.

2.3. Luciferase assay {#sec0025}
---------------------

To assess for NF-κB activation, HEK293 were transfected with the indicated plasmidic DNAs together with pNF-kB-luc (Clontech) in 6-well plates. After transfection and treatments, luciferase activity was determined with Luciferase Assay System (Promega). Plasmids expressing RSV-β-galactosidase were used in transfection mixture in order to normalize for efficiency of transfection.

2.4. Real-time PCR {#sec0030}
------------------

Real-time PCR reactions were performed in triplicate as previously described ([@bib0115]). The relative transcription level was calculated by using the ΔΔCt method.

3. Results and discussion {#sec0035}
=========================

While searching for molecules that associating the IKK complex can regulate the NF-κB activity, we noticed that p62 coprecipitates with NEMO in lysates from cells stimulated with TNFα ([Fig. 1](#fig0005){ref-type="fig"}).

As it is known that NF-κB activation may depend on the ubiquitination state of NEMO ([@bib0020; @bib0090]), and that p62 regulates diverse signal transduction pathways including ubiquitination ([@bib0035; @bib0040; @bib0080; @bib0125]), we verified whether p62 can modulate the ubiquitination of NEMO using a short interfering (sh) RNA approach. For this, we first assessed the efficiency of p62-specific shRNA (shp62) in reducing p62 mRNA expressed in HEK293 cells transfected with different sh or control shRNA. One of the p62-targeting sh tested (shp62 \#3) results in a 10-fold reduction of p62 mRNA and protein expression ([Fig. 2](#fig0010){ref-type="fig"}A), and was used for subsequent experiments. Indeed, as shown in [Fig. 2](#fig0010){ref-type="fig"}B, the ubiquitination state of NEMO following stimulation with TNFα, assessed by immonoblot assay, is greatly reduced in cells that have been depleted of p62. Consistent results were obtained when the ubiquitination state of NEMO was monitored by immunoprecipitation of NEMO followed by immunoblot probed with anti-ubiquitin ([Fig. 2](#fig0010){ref-type="fig"}C, upper panel) or anti-NEMO ([Fig. 2](#fig0010){ref-type="fig"}C, lower panel). Also, ubiquitination of NEMO following IL-1β stimulation was impaired in cells that have been depleted of p62 ([Fig. 2](#fig0010){ref-type="fig"}D). To exclude the possibility that the ubiquitinated material immunoprecipitated by the anti-NEMO antibody represents unrelated protein(s) with coprecipitanting with NEMO, we carried out a "denaturing" immunoprecipitation (see Section [2](#sec0010){ref-type="sec"}). The results of these experiments, shown in [Fig. 2](#fig0010){ref-type="fig"}E, confirm that ubiquitination of NEMO following TNFα stimulation is greatly reduced in the cells depleted of p62. Similar results were obtained when cells were stimulate with IL-1β (data not shown).

We then verified whether in p62 depleted cells activation of NF-κB proceeds normally following stimulation with cytokines, using a luciferase-based NF-κB reporter assay. The results of these experiments, shown in [Fig. 3](#fig0015){ref-type="fig"}, indicate that while the TNFα signal is normally transduced into cells, that of IL-1β is significantly compromised.

Since it has been shown that p62 channels the signal that connects IL-1β receptor and TRAF6 to activation of NF-κB ([@bib0080]), and knowing that this pathway may require ubiquitination of NEMO ([@bib0090; @bib0110]), we wanted to verify at which level p62 is involved in this pathway by monitoring the ubiquitination state of NEMO following TRAF6 expression. Indeed, in p62 depleted cells TRAF6 is unable to promote ubiquitination of NEMO ([Fig. 4](#fig0020){ref-type="fig"}A), although still able to associate this protein ([Fig. 4](#fig0020){ref-type="fig"}B).

In this manuscript, we have established an important point about the biology of p62. This multifunctional protein, involved in a diverse range of biological processes ranging from autophagy to cell transformation and to bone morphogenesis and cancer ([@bib0035; @bib0040; @bib0080; @bib0125; @bib0075]), has already been involved in the signal transduction pathway that starting from IL-1β receptor leads to activation of the transcription factor NF-κB ([@bib0080]). Interestingly, p62 has also been shown to facilitate K63-polyubiquitination of TRAF6, thereby mediating nerve growth factor-induced activation of the NF-κB pathway ([@bib0130]). Furthermore, the ubiquitin-associated domain of p62 displays a preference for binding K63-polyubiquitinated substrates, supporting the hypothesis that p62 may act as a critical ubiquitination modulating factor ([@bib0085]). In this context, the finding here reported that p62 also regulates the ubiquitination state of NEMO adds another important piece to our understanding of the ubiquitination events of that occur in the cell and to our comprehension of the of the molecular mechanisms that regulate activation of NF-κB.

Non-degradative ubiquitination has gained attention in recent years as a mechanism of protein scaffold building for complex formation during signal-induced NF-κB activation pathway ([@bib0025; @bib0090]). This concept is further strengthened by the fact that deubiquitinating enzymes, which disassemble polyubiquitin chains or remove ubiquitin from a substrate, are clearly involved in downregulating NF-κB ([@bib0055; @bib0100; @bib0065; @bib0095]).

Our results also indicate that the requirement for p62 in ubiquitination of NEMO and NF-κB activation appear to be different for TNFα and IL-1β stimulation. In fact, while p62 is required for ubiquitination of NEMO following stimulation with both cytokines, only NF-κB activation in response to IL-1β treatment is compromised in cells depleted of p62. This data is in agreement with a recent work by Xu et al., in which, using ubiquitin-replacement technology, K63 chains were shown to be indispensable for IL-1β-induced, but not TNFα-induced, NF-κB activation ([@bib0135]). Thus, although ubiquitin chains play crucial roles in signaling and possibly in IL-1β-induced NF-κB activation, they may not be essential for canonical NF-κB activation, at least in some occasions, such as TNFα stimulation.

In any case, much more work is required to clarify the molecular details of the signal transduction pathways involving p62 and ubiquitination events in general.
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![p62 binds to NEMO. HEK293 cells were treated with TNFα (10 ng/ml) for the indicated time periods. Cell lysates were immunoprecipitated with anti-NEMO antibody or an isotype matched antibody (Ig) and analyzed by immunoblot probed with anti-p62. Membranes were also exposed to anti-NEMO antibody to monitor for efficiency of immunoprecipitation; different exposures for immunoprecipitated NEMO are shown.](gr1){#fig0005}

![p62 depletion impairs non-degradative NEMO ubiquitination. (A) *Left panel*: HEK293 cells were trasfected with lentiviral vectors encoding for 4 different shRNAs targeting human p62 or a control shRNA (scramble). After selection, p62 mRNA levels normalized to actin were quantified by real-time PCR. *Right panels*: HEK293 cells were transfected with empty vector or with vectors expressing a FLAG-tagged version of p62 or an shRNA targeting human p62, as indicated. 24 h later, cell lysates were separated by SDS-PAGE and blotted onto membranes probed with anti FLAG or anti p62 antibodies, as indicated. (B) Control and p62-depleted HEK293 cells were treated with TNFα (10 ng/ml) for the indicated time periods and the ubiquitination state of NEMO was monitored by immunoblot assay. (C) Control and p62-depleted HEK293 cells were stimulated with TNFα for the indicated time periods and cell lysates were immunoprecipitated with anti-NEMO antibody. The ubiquitination state of NEMO was monitored by immunoblot assay probed with anti-ubiquitin (upper panel) or anti-NEMO (lower panel). (D) Control and p62-depleted HEK293 cells were treated with IL-1β (20 ng/ml) and the ubiquitination state of NEMO was monitored as in C). (E) Control and p62-depleted HEK293 cells were stimulated with TNFα for the indicated time periods and cell lysates were immunoprecipitated with anti-NEMO antibody in denaturing condition (see Section [2](#sec0010){ref-type="sec"}). The ubiquitination state of NEMO was monitored by immunoblot assay probed with anti-ubiquitin.](gr2){#fig0010}

![p62 depletion impairs NF-κB activation following IL-1β stimulation. HEK293 cells expressing shRNAs targeting human p62 or a control shRNA (*scramble*) were cotransfected with pNF-κB -- luciferase plasmid and a β-galactosidase reporter vector. 24 h later, cells were treated with the indicated stimuli (TNFα, 20 ng/ml; IL-1β, 20 ng/ml) for 4 h and luciferase activity was determined. Data shown represents relative luciferase activity normalized against β-galactosidase activity and is representative of six independent experiments performed in triplicate.](gr3){#fig0015}

![p62 depletion impairs TRAF6-mediated ubiquitination of NEMO. (A) HEK293 cells were infected with lentiviral vectors encoding for shRNAs targeting p62 or a control sequence (scramble). After selection, cells were transiently cotransfected with an expression vector encoding for full-length TRAF6 or a deleted version of TRAF6 lacking the E3 ubiquitin ligase domain (TRAF6ΔN), together with a vector expressing HA-tagged ubiquitin, as indicated. 24 h after transfection, cell lysates were immunoprecipitated with anti-NEMO antibody and analyzed by immunoblot probed with anti-HA. (B) *Left panel*: HEK293 cells were cotrasfected with the indicated constructs; cell lysates were immunoprecipitated with anti-FLAG antibody and analyzed by immunoblot probed with anti-HA. *Right panel*: control for specific binding of NEMO with TRAF6.](gr4){#fig0020}
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